(Abstract)
Durum wheat is more salt sensitive than bread wheat. A novel source of Na + exclusion conferring salt tolerance to durum wheat is present in the durum wheat Line 149 derived from T. monococcum C68-101, and a QTL contributing to low Na + concentration in leaf blades, Nax1, mapped to chromosome 2AL. In this study, we used the rice genome sequence and data from the wheat EST deletion bin mapping project to identify markers and construct a high resolution map of the Nax1 region. Genes on wheat chromosome 2AL and rice chromosome 4L had good overall colinearity, but there was an inversion of a chromosomal segment which includes the Nax1 locus.
Two putative sodium transporter genes (TmHKT7) related to OsHKT7 were mapped to chromosome 2AL. One TmHKT7 member (TmHKT7-A1) was polymorphic between the salt tolerant and sensitive lines, and co-segregated with Nax1 in the high resolution mapping family. The other TmHKT7 member (TmHKT7-A2) was located within the same BAC contig of approximately 145 kb as TmHKT7-A1. TmHKT7-A1 and -A2 showed 83% amino acid identity, with TmHKT7-A2 but not TmHKT7-A1 being expressed in roots and leaf sheaths of the salt tolerant durum wheat Line 149. The expression pattern of TmHKT7-A2 was consistent with the physiological role of Nax1 in reducing Na + concentration in leaf blades by retaining Na + in the sheaths. TmHKT7-A2 could control Na + unloading from xylem in roots and sheaths.
(Introduction)
Soil salinity causes a significant reduction in agricultural production (Pitman and Läuchli, 2002) . More than 6% of the world's arable land is affected by either salinity or sodicity and a significant proportion of agricultural land has become saline because of land clearing or irrigation (Munns, 2005) . To meet this challenge, it is important to understand mechanisms of salt tolerance for further improving salt tolerance of crops, by either traditional breeding or gene manipulation.
In the Triticeae, sodium exclusion is one of the major mechanisms conferring salt tolerance (Gorham et al., 1990; Munns et al., 2006) . Bread wheat (Triticum aestivum L., AABBDD) has a low rate of Na + transport to the shoot and maintains a high ratio of K + /Na + in leaves (Gorham et al., 1990) . The Kna1 locus, contributing to a higher K + /Na + ratio and salt tolerance in bread wheat, was mapped to the distal region of chromosome 4DL (Dubcovsky et al., 1996) . Durum wheat (Triticum turgidum L. ssp. durum [Desf.], AABB) is more salt sensitive than bread wheat (Gorham et al., 1990; Rawson et al., 1988) and production suffers when grown on saline soil (Francois et al., 1986; Maas and Grieve, 1990) . A new source of Na + exclusion was found in a durum wheat, Line 149, which had low Na + concentrations and high K + /Na + ratios in the leaf blade similar to bread wheat (Munns et al., 2000) . Line 149 was derived from a cross between Triticum monococcum L. (AA) accession C68-101 and the durum cultivar Marrocos (The, 1973) . Triticum monococcum C68-101, not Marrocos, is the source of the Nax1 gene in Line 149 (James et al., 2006) . Genetic studies indicated that two major loci controlled leaf blade Na + accumulation in Line 149 (Munns et al., 2003) . A gene named Nax1 which accounted for 38% of the phenotypic variation for low Na + concentration, was mapped to the long arm of chromosome 2A (Lindsay et al., 2004) .
Physiological studies indicated that net xylem loading and leaf sheath sequestration in Line 149 interacted to control leaf blade Na + concentration (Davenport et al., 2005) . Using near-isogenic lines, it was found that the major role of Nax1 in conferring salt tolerance was through greater removal of Na + from the xylem in the roots and in the leaf sheath, thereby reducing Na + concentrations in the leaf blade (James et al., 2006) . Some members of the HKT family (Highaffinity K + Transporter) function as sodium transporters (Rodríguez-Navarro and Rubio, 2006) and they play an important role in regulation of Na + transport in rice and Arabidopsis (Ren et al., 2005;  http://wheat.pw.usda.gov/NSF/progress_mapping.html). Wheat chromosome group 2 contained colinear regions with rice chromosomes 4 and 7, while the deletion mapping of wheat genes provides a tool to examine co-linearity with rice at the sub-chromosome level (Sorrells et al., 2003) . The rice genome sequence has been successfully used as entry point for positional cloning of important agronomic traits in wheat (Griffiths et al., 2006; Yan et al., 2003) . It is therefore feasible to use the rice genome sequence and data from wEST deletion bin mapping project to identify additional wheat markers for genetic mapping of Nax1, and perhaps identify rice genes with close sequence relatedness to candidate genes for Nax1.
The objective of this study was to use wESTs that were previously positioned in the physical deletion bins of wheat chromosome 2AL in conjunction with the rice genome sequence to define a detailed map position and clone a candidate gene for Nax1. We provide evidence that a putative sodium transporter (closely related to OsHKT7) is a candidate gene for Nax1, which may control Na + unloading from xylem in roots and sheaths as indicated by its expression pattern and physiological role of Na + partitioning into leaf sheaths.
RESULTS

Exploiting wheat-rice synteny to identify markers and candidate genes
Nax1, a major gene for low Na + concentration in leaf blades of durum wheat, was mapped as a QTL and linked to the microsatellite marker gwm312 on chromosome 2AL (Lindsay et al., 2004) .
Using a backcross-derived mapping family of 41 BC 5 F 2 lines, Nax1 was determined as a single genetic locus (Fig. 1) . In this study, we used wESTs previously mapped to physical deletion bins in 'Chinese Spring' wheat as a source of potential markers. The microsatellite gwm312 marker was mapped to the deletion bin Flow Length (FL) 0.77-0.85 (Fig. 2) . The position of gwm312 define Tamaroi during the process of backcrossing (Fig. 2 ). Marker C with sequence relatedness to a rice gene located at 26.9 Mb segregated in the BC 5 F 2 family and mapped 7.3 cM from Nax1 (Fig. 2) .
To identify additional markers, we therefore focused on wESTs that were closely related to rice genes located distal to 26.9 Mb on chromosome 4L.
Five additional markers (D, E, HAK11, F, SKOR) were developed which corresponded to rice genes located in the distal region of chromosome 4 (28.4 Mb to 32.5 Mb) (Fig. 2) . Consistent with the physical location of corresponding rice genes, marker D was mapped as an RFLP proximal to Nax1 (6.1 cM), while marker HAK11 co-segregated with Nax1 (Fig. 2) . Marker F corresponding to a rice gene near the distal end of chromosome 4L was also located on the distal side of Nax1 cosegregating with gwm312 (Fig. 2) . A break in co-linearity was observed with marker E; this marker co-segregated with gwm312, although its predicted map location was on the proximal side of Nax1.
The genetic order of wEST markers was confirmed by their physical location within one of three deletion bins on chromosome 2AL including marker SKOR which was placed into the distal deletion bin (FL 0.85-1.00) consistent with the location of the corresponding rice gene (Fig. 2 ).
These results suggest that an interstitial segment was re-arranged between wheat chromosome 2AL and rice chromosome 4L.
Based on these results, Nax1 was located within a 7 cM genetic interval and was flanked by marker D and F. This genetic interval corresponded to a physical interval between 28.4 and 31.3
Mb on rice chromosome 4L. To identify rice genes which may be related to candidate genes for Nax1, the 3 Mb interval (28.4-31.3 Mb) was searched for genes encoding putative potassium or sodium transporters (http://www.gramene.org). Beside OsHAK11, three additional rice genes were identified with homology to putative potassium transporter (AL817940, OsHAK15) and sodium transporters (BE604162, OsHKT7; BJ472463, OsHKT4) in wheat and barley (Table II) . A high resolution mapping family was developed to resolve the position of candidate genes relative to Nax1.
Map position of candidates relative to Nax1
To produce a high resolution mapping family, tightly linked flanking PCR-based markers were required for screening a large number of F 2 lines. To investigate the possibility of marker HAK11 and gwm312 flanking Nax1, we developed a cleavage amplification polymorphism sequence (CAPS) marker from CK205077 ( Fig. S1 ) and screened 100 lines with both markers.
Three recombinant F 2 individuals were identified and phenotyped for Na + accumulation. Based on these results, the most likely position for Nax1 was in between HAK11 and gwm312. The markers were subsequently used to screen a larger number of F 2 lines to identify 22 F 2 lines that incorporated recombination events within the HAK11-gwm312 interval (from a total of 864 F 2 lines screened).
The high resolution family of 22 F 2 lines were used to separate markers (HAK11 and HAK15) derived from putative potassium transporter genes from Nax1 by recombination, ruling them out as candidate genes (Fig. 3) . Furthermore, a probe derived from the barley EST BJ472463
closely related to a putative sodium transporter gene ( Marker HKT7 co-segregated with Nax1 in the high resolution mapping family ( Fig. 3) suggesting that a HKT7-like gene is a strong candidate for Nax1. The HKT7 probe hybridised to at least two putative gene members in T. monococcum C68-101 ( 
Isolation of full length HKT7-like candidate genes
A T. monococcum DV92 BAC library (Lijavetzky et al., 1999) was screened using wEST BE604162 as probe to isolate full-length sequences corresponding to both TmHKT7-A1 and -A2 gene members. The T. monococcum DV92 had the same low Na + concentration in leaf blades as T.
monococcum C68-101 (data not shown). Nine positive BAC clones were isolated and separated into two groups using a TmHKT7-A1 intron specific probe (see Materials and Methods). Similar fingerprints following digestion with HindIII suggested that BAC clones containing TmHKT7-A1
and TmHKT7-A2 were overlapping (Fig. S2 ). The approximate physical distance between
TmHKT7-A1 and TmHKT7-A2 was less than 145 kb based on the estimation of sizes of BAC clone inserts and overlapping fragments (Fig. S2 ). Two open reading frames (ORF) corresponding to
TmHKT7-A1 and TmHKT7-A2 were identified by direct DV92 BAC clone sequencing. The predicted ORF (1692 bp) of TmHKT7-A1 with two introns shared 88% identity with the predicted ORF of TmHKT7-A2 (1665 bp) which contained only one intron (Fig. 6 ). This result was confirmed by the isolation of full-length cDNA of TmHKT7-A2 from T. monococcum C68-101 using RT-PCR.
Furthermore, the sequences of TmHKT7-A1 and TmHKT7-A2 amplified from T. monococcum C68-101 and Line 149 were 100% identical to those from DV92. At amino acid sequence level, the TmHKT7-A1 and TmHKT7-A2 were 70% and 72% identical to OsHKT7, respectively (Fig. 7) .
Further amino acid sequence comparisons revealed that TmHKT7-A2 had nine fewer amino acids than TmHKT7-A1 while the OsHKT7 sequence was shorter by 46 amino acids at the N terminus (Fig. 7) . A filter serine in P-loop A was present in all three HKT7 transporters (Fig. 7) , indicating that they may function as a Na + transporter (Mäser et al., 2002) . Furthermore, TmHKT7-A1 and A2 shared very similar topological structure except in the N-terminal hydrophilic region (Fig. S3 ).
Compared with TmHKT7-A1 and A2, OsHKT7 lacked the N-terminal hydrophilic tail and had a slight difference in topological structure (Fig. S3) .
Expression of TmHKT7-A1 and TmHKT7-A2
Using gene specific primers that were flanking introns for RT-PCR analysis, no cDNA product was detected corresponding to TmHKT7-A1 in roots, leaf sheaths or blades of T.
monococcum C68-101, Line 149 or Tamaroi (Fig. 8 ). This result was confirmed by another pair of specific primers spanning a large intron region (data not shown). However, for TmHKT7-A2 the expected cDNA product was detected in roots and leaf sheaths of T. monococcum C68-101 and
Line 149 but not in Tamaroi (Fig. 8) . TmHKT7-A2 was not expressed in leaf blades of T. monococcum C68-101 or Line 149, consistent with the physiological role of Nax1 in reducing the Na + concentration in blades by retaining Na + in the sheaths (James et al., 2006) . Therefore, TmHKT7-A2 is proposed to be the candidate gene for Nax1.
DISCUSSION
We used the rice genome sequence and wESTs mapped in deletion bins to identify markers that assisted in the detailed mapping of Nax1. Comparative mapping results showed that the Nax1 region on wheat chromosome 2AL showed a high level of gene order co-linearity with rice chromosome 4L (Fig. 2) and that the rice sequence was useful in identifying candidate gene(s) for Nax1. In another study, good co-linearity was found for at least 12 genes in the region containing the vernalization gene Vrn-A1 on chromosome 5AL and the syntenic rice chromosome 3 (Yan et al., 2003) . However, co-linearity may be interrupted, as observed here by an inversion between wheat 2AL and rice 4L, and as reported previously (Brunner et al., 2003; Guyot et al., 2004) . Therefore, the success of map-based gene cloning in wheat using a syntenic rice chromosome as reference is dependent on the particular chromosome location of the target gene.
We have developed co-dominant wEST RFLP markers between Line 149 and Tamaroi for mapping. In all cases, the polymorphic band in Line 149 was the same size as a band in T. were not in T. monococcum but were present in T. urartu (Khlestkina and Salina, 2001 ). The A genomes of tetraploid (AABB) and hexaploid wheat (AABBDD) may share a common ancestor, and T. urartu is considered to be the closest diploid ancestor surviving today (Dvořák et al., 1988) .
The individual HKT gene member in wheat appears to be different from that reported in rice (Garciadeblás et al., 2003) . The gene corresponding to OsHKT4 was absent in the A genome but is likely to be present in the B and D genome of wheat (Fig. 4) . In rice, OsHKT4 is mainly expressed in shoots (Garciadeblás et al., 2003) . There is one copy of OsHKT7 present in the rice genome, but two copies of HKT7-like member in each genome of wheat (Fig. 5) . TmHKT7-A2 is unique as it only contains one intron (Fig. 6) , while all HKT genes from rice and Arabidopsis have two introns (Garciadeblás et al., 2003; Uozumi et al., 2000) . The fact that two HKT7-like genes with different numbers of intron are located close to each other may indicate that they diversified following duplication to have different functions. TmHKT7-A2 was identified as a candidate gene for Nax1, because it is expressed in root and leaf sheaths but not in leaf blades (Fig. 8) . In rice, OsHKT7 was mainly expressed in shoots (Garciadeblás et al., 2003) . A barley HKT7-like gene (BQ739876) was also expressed in the leaves of drought-stressed plants (Ozturk et al., 2002) . The wEST BE604162
matching OsHKT7 was isolated from a drought stressed wheat leaf cDNA library indicating it was also expressed in the leaf tissues (NCBI database). BE604162 could belong to a HKT7 member from the B genome in wheat, because the partial nucleotide sequence amplified from Line 149 and Tamaroi were 100% identical to BE604162 (data not shown). It would be interesting to investigate any expression of other HKT7-like genes in roots like TmHKT7-A2 (Fig. 8) .
Other genes belonging to the HKT family have been studied in wheat. TaHKT1 (2005) suggested that OsHKT8 contributed to the maintenance of high shoot K + and low Na + accumulation under salt stress in a salt tolerant cultivar by controlling the unloading of Na + from the root xylem. TmHKT7-A2, the best candidate for Nax1, could control Na + unloading from xylem in roots and sheath of durum wheat. This hypothesis is supported by the expression of TmHKT7-A2 in roots and sheath of Line 149 (salt-tolerant) but not of Tamaroi (salt-sensitive) (Fig. 8 ) and is consistent with the Na + concentration gradient along the sheath of near-isogenic lines containing Nax1, indicating a retrieval from the sheath xylem, and the greater retrieval of Na + from the root xylem (James et al., 2006). The removal of Na + from the xylem resulted in a nearly four-fold difference in blade Na + concentration between the low Na + parental line and Tamaroi (Fig. 1) .
In summary, one of two HKT7-like genes (TmHKT7-A2) was identified as a candidate for Nax1. The expression of the TmHKT7-A2 gene in root and leaf sheath tissue of T. monococcum and Line 149 was consistent with the physiological role of Nax1. Functional analysis of TmHKT7-A2 as a sodium transporter using a yeast transformation system is under way. Future work will determine if TmHKT7-A2 is functioning as a sodium transporter in cereals and contributing to salt tolerance by unloading sodium from the xylem in roots and leaf sheaths and by preventing it from accumulating to toxic concentrations in the blade.
MATERIALS AND METHODS
Plant material and mapping families
To generate a low resolution mapping family, Line 149 (salt-tolerant) was crossed with the Australian durum cultivar Tamaroi (salt-sensitive) and backcrossed to produce a homozygous low Na + BC 4 F 3 line that was used as the parent in an additional backcross (James et al., 2006) . The difference in leaf 3 Na + concentration between low Na + BC 4 F 3 parent line and Tamaroi was nearly four-fold (Fig. 1) . In this low resolution mapping family of 41 BC 5 F 2 individuals, the segregation of the sodium exclusion trait fitted the expected ratio for a single major gene (Nax1) (Expected 10:21:10; Observed: 11:21:9; χ 2 =0.22, P 0.05 =6.00) (Fig 1) . Subsequently, a high resolution mapping family was generated by screening 864 BC 5 F 2 half seeds without embryos (equivalent to 1728 gametes) with flanking gwm312 marker and a CAPS marker derived from wEST CK205077 (HAK11) (Fig. S1 ). Twenty two F 2 lines that contained recombination events in the marker interval 
Cloning and sequencing of wESTs
Primers (Table SI) were designed on the basis of published wheat ESTs listed in Tables I   and II . The amplified products were cloned using the pGEM T-Easy Vector system (Promega, USA) and confirmed by sequencing. DNA probes were amplified by PCR and labelled with 32 P using Megaprime DNA Labelling System (Amersham Biosciences, UK). Because there was no matching wheat EST for OsHKT4 (a putative sodium transporter) in the database, a closely related barley EST (BJ472462) was isolated and used as DNA probe.
BAC clone screening and sequencing
High-density filters for the BAC library from T. monococcum accession DV92 (Lijavetzky et al., 1999) were screened with the probe matching wEST BE604162 as shown in Fig 5. Initially, the partial sequences (close to 3' end) of TmHKT7-A1 and A2 were amplified using primers designed from BE604162. A 153 bp intron was present in TmHKT7-A1 but no intron in this region was present in TmHKT7-A2. Clones containing TmHKT7-A1 were separated by a probe matching
TmHKT7-A1 intron. Contigs were assembled by BAC clone fingerprints after digestion with
HindIII (Fig. S2) . Direct BAC clone sequencing was used to determine full length sequence of TmHKT7-A1 and A2. BAC DNA template was purified with BACMAX DNA purification kit (Epicenter, USA).
RNA extraction and RT-PCR assay
Plants were grown as described in the phenotyping section. RNA from roots, leaf sheaths and leaf blades of 8-d-old plants treated with 50 mM NaCl for 48 h was extracted using Trizol method (Invitrogen, Australia). RT-PCR procedures were performed using OneStep RT-PCR Kit (Table   SII and Fig. 8 ). respectively. There was no amplification of gDNA of TmHKT7-A2 due to spanning a large intron (Fig. 6 ).
. * BE423738 and CK205077 matched the same rice gene of putative potassium transporter (OsHAK11). A co-dominant CAPS marker was developed based on sequence of CK205077 (Fig. S1 ). 
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